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Abstract: To address the challenges of sinking, imbalance, and complex control systems faced by
hexapod robots walking on lunar soil, this study develops an umbrella-shaped foot lunar exploration
hexapod robot. The overall structure of the robot is designed to mimic the body structure of insects.
By incorporating a four-bar linkage mechanism to replace the commonly used naked joints in
traditional hexapod robots, the robot reduces the number of degrees of freedom and simplifies control
complexity. Additionally, an extension mechanism is added to the robot’s foot, unfolding into an
umbrella shape to provide a larger support area, effectively addressing the issue of foot sinking
instability during walking. This study adopts and simplifies the Central Pattern Generator (CPG)
model to generate stable periodic control signals for the robot’s legs. Precise control of the extension
mechanism’s unfolding period is achieved through mapping functions. A joint simulation platform
using Solid Works and Matlab is established to analyze the stability of the robot’s walking. Finally,
walking experiments are conducted on the prototype, confirming the smooth walking of the lunar
exploration hexapod robot. The results indicate that the designed lunar exploration hexapod robot
has a reasonable structure, excellent stability in motion, and the CPG control scheme is feasible.

Keywords: lunar exploration hexapod robot; linkage mechanism; CPG control model; joint simulation

1. Introduction

At present, many countries and space agencies are committed to exploring the Moon.
In addition to its valuable resources, studying it also helps to gain a deeper understanding
of the basic characteristics of the solar system. Moreover, its position is not affected by the
Earth’s ionosphere, making it an ideal location for observing the sun and exoplanets [1,2].
To achieve these goals, one of the key questions is to answer whether there is water on
the Moon. There is now considerable evidence that the Moon’s PSRs contain water ice
and other preserved volatiles [3,4]. The NASA Artemis program (NASA, 2022a) is also
leading a series of missions to search for water ice on the lunar surface and perform ISRU,
allowing astronauts to stay on the Moon for a longer time [5,6]. Therefore, exploring the
Moon is of great significance. According to the investigation, the surface of the Moon is
covered with a layer of loose rock fragments, commonly known as the lunar weathering
layer [5]. Through analysis of lunar soil samples, it was found that most of the weathered
layer is composed of fine particles, which becomes looser under long-term small collisions
and weathering. Therefore, the lunar soil is very soft, and the overall hardness is low. In
addition, the surface of the Moon is also covered with various sizes of impact craters, with
diameters ranging from a few micrometers to hundreds of kilometers. Most lunar impact
craters are circular or elliptical in shape, and the larger the diameter, the deeper the crater
is. The interior of the craters usually has complex terrain features [7–9].

Faced with numerous complex environments such as loose lunar soil, craters, and
meteorites, landing and walking pose great challenges, greatly reducing the safety and
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feasibility of human tasks. Therefore, the application of robots is essential. So far, all
successful lunar rovers have been wheeled robots. However, multiple experiments have
shown that legged robots are more suitable for exploring complex terrains. The design and
motion of legged robots are inspired and guided by biomechanical principles, and belong
to the category of biomimetic robots, which have the characteristics of flexibility and strong
adaptability [10–12]. They can effectively avoid the compaction resistance caused by the
accumulation of substrate material in front of the wheels. Each leg has a discrete support
point, and their excellent maneuverability allows legged robots to travel through complex
environments without being restricted by wheels or tracks, avoiding being obstructed or
trapped in depressions [13,14].

The development process of legged robots can be traced back to the mid-20th century.
With the continuous research and improvement of robot technology by scientists and
engineers, legged robots have made significant progress in different fields. In the 1960s,
significant progress was made in the research of legged robots [15]. Researchers such as
Marvin Minsky and Seymour Papert from the Massachusetts Institute of Technology in
the United States developed early legged robots such as “Walker” and “Shakey”, which
can perform basic walking and obstacle avoidance tasks [16]. In the 1980s, research on
legged robots further developed, including more advanced perception technologies and
control systems. The Japanese company “Honda” has developed “P2”, a bipedal robot
with high stability and human gait simulation [17]. The “Leg Lab” team at Carnegie Mellon
University in the United States has developed various bipedal robots for studying gait
control and robot stability [18]. Since 2014, Delft University of Technology has been working
hard to send the world’s smallest and lightest lunar hexapod robot to the Moon. Its design
inspiration comes from cockroaches, which have claw shaped track teeth on their legs and
can explore terrain well [19]. Among many legged robots, the most typical is the hexapod
robot, which has good overall stability and lower energy costs. Hexapod robots have more
support points compared to bipedal and quadruped robots, resulting in a more uniform
distribution of weight during movement, reducing the load on individual support points,
and being able to adapt to different terrains and tasks by adjusting the support points. They
have a higher stability and a lower likelihood of swaying and overturning. On the other
hand, although the eight legged robot is relatively stable, its energy efficiency is relatively
low [20]. Therefore, hexapod robots have great potential value and can cope with many
challenges. The traditional hexapod robot has 18 degrees of freedom, which requires a large
number of actuators and high computational power to coordinate the robot’s motion. By
reducing drive design, robots can achieve higher power to weight ratios while maintaining
high levels of mobility and reduce the complexity of control systems.

By reducing the drive design, the weight of the hexapod robot can be greatly reduced,
but to cope with the characteristics of the lunar soil the design of the foot end is also
essential. The George Lordos team has conducted various designs for the foot end of
on-site reconfigurable robots suitable for extreme lunar terrains. These foot end designs
include planar, spherical, and planar–spherical hybrid designs, all of which have undergone
support and stability research on uneven weathered terrain and have been prototype
designed and tested on artificial snow that simulates the characteristics of the weathered
layer. Under the weight of 14 kg, the flat foot end shows the minimum sinking degree.
The circular foot tip has better contact and stability on the rock surface [21]. Consequently,
when a hexapod robot walks on the Moon, if its foot tip is spherical, it will sink and fall
into the lunar soil due to the presence of a weathered layer, resulting in imbalance. If the
foot is flat, it will slip when walking to the rock surface due to insufficient contact. If there
are too many single leg drive designs, it will lead to an increase in overall mass, complex
control, and an increase in failure rate.

In response to the aforementioned challenges, this study developed a lunar exploration
hexapod robot with an umbrella-shaped foot end. The stability of motion is defined based
on the smoothness of walking and the reduction in stationary or overturning situations.
The design of robots aims to solve the problems of sinking and instability during walking.
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The overall structure was simplified by replacing naked joints with a four-bar linkage
mechanism, reducing both control complexity and weight, thereby enhancing the robot’s
controllability. An extension mechanism was added to the foot end, refining the control of
the single-leg mapping function for precise closure. The design of the umbrella-shaped foot
end provides a larger supporting surface effectively distributing the robot’s weight more
evenly, reducing pressure on the lunar soil contact, and minimizing the risk of sinking. This
enhances the robot’s stability on the lunar surface. The study employed and streamlined
a CPG model to generate stable periodic control signals for the robot’s legs. A mapping
function was utilized to precisely control the extension mechanism’s deployment period. A
collaborative simulation platform using Solid Works and Matlab was established to analyze
the stability of the robot’s walking. Finally, prototype walking experiments were conducted,
demonstrating the smooth locomotion of the lunar exploration hexapod robot. The results
indicate that the developed lunar exploration hexapod robot exhibits a rational structure,
good motion stability, and the feasibility of the CPG control approach.

2. Structural Design of a Lunar Exploration Hexapod Robot
2.1. Design of the Bottom Plate of the Lunar Exploration Hexapod Robot

Usually, the arrangement of the legs of a hexapod robot is connected in three layouts:
circular, elliptical, and rectangular, as shown in Figure 1. When the swing angle of each
leg is the same, the leg needs to sweep over the same size of the sector area, so two factors
need to be considered in the design:

(1) When moving, the interference between each leg is as follows: the rectangular layout
has the highest overlap in the swing range of the legs, while the circular layout
has the smallest overlap. This means that while ensuring no interference between
adjacent legs, the circular layout has the largest swing space of the legs, followed by
the elliptical layout, while the rectangular layout has the smallest overlap.

(2) Effective distance for straight walking: The maximum effective distance that a single
leg can walk is L, while ensuring that adjacent legs do not interfere. Figure 1 shows
that the step effective distance of a circular layout is consistent with that of an ellipse,
while the step effective distance of a rectangular layout is the smallest.
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The lunar exploration robot should minimize its size and weight as much as possible,
with an elliptical layout having a smaller volume compared to a circular layout. And, the
elliptical layout not only ensures that the legs do not interfere with each other, but also
has a large swing space. In addition, as shown in Figure 2, the leg distribution of hexapod
insects in nature is often elliptical, so the final decision was made to adopt an elliptical
layout. The final 3D model of the bottom plate design is shown in Figure 3.
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2.2. Structural Design of the Legs of a Lunar Exploration Hexapod Robot

The leg structure of the robot needs to ensure that the robot can walk smoothly on
lunar soil and has a good load-bearing capacity. Therefore, this paper designs a robot leg
combining a four-bar linkage mechanism and an extension mechanism to achieve more
stable and non-stuttering walking of the hexapod robot, as shown in Figure 4. The four-bar
linkage mechanism consists of the first joint, the upper and lower arms of the second joint,
and the foot tip. The first joint serves as the hip joint and is also the frame of the four-bar
linkage mechanism. The second joint acts as the knee joint, with the lower arm connected
to the steering engine as the active component, and both the upper and lower arms of the
second joint act as connecting rods serving as rockers. The foot tip acts as the connecting rod,
capable of performing the required lifting and lowering movements. Therefore, the four-bar
linkage mechanism reduces the number of naked joints while achieving the trajectory of a
three-joint single leg. An extension mechanism is added to the foot tip. When the robot
walks on a rough surface, in the support phase, the rotation angle of the lower arm of the
second joint increases, causing end A to contact the U-shaped slider. The U-shaped slider
moves to the lowest point, driving four panels with flexible fabric to fully unfold, resulting
in an umbrella-shaped foot tip. At this point, the contact area between the robot and the
lunar soil increases, effectively dispersing the weight and ensuring walking stability. In
the swing phase, the lower arm of the second joint rotates in the direction away from the
ground, and the spring pushes the U-shaped slider upward, moving it to the highest point.

For the overall structure, the four-bar mechanism replaces the bare joint, and the
steering gear serves as the power source for the lower arm of the second joint, driving the
upper arm of the second joint to rotate and cleverly combining with the bottom extension
mechanism. This allows a single leg to have two degrees of freedom, enabling the lifting
and lowering of the leg, as well as a simpler control and lighter leg structure. The overall
structure of the hexapod robot is shown in Figure 5.
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3. Kinematic Analysis of the Lunar Exploration Hexapod Robot

The motion of the lunar exploration hexapod robot is a process in which each leg
changes over time, and the legs drive the robot to walk in various gaits through changes in
joint angles [22]. Kinematic modeling can quantitatively analyze the impact of joint angle
changes on foot motion, making it easier to study the overall mechanism and understand
its motion characteristics. Due to the fact that the upper arm of the second joint in the
four-bar linkage mechanism merely maintains the foot tip (extension mechanism) in a
vertical downward position, its angular variation is irrelevant to the single-leg analysis and
has no impact on other angular analyses. Therefore, it can be disregarded when establishing
the D-H coordinate system. Coordinate systems for the three joint rotation centers are
established according to the right-hand rule, as illustrated in Figure 6, where coordinate
system O serves as the base coordinate system. The distances from the hip joint to the foot
tip F are denoted as L1, L2, and L3, while θ1 and θ2 represent the rotation angles of the
hip and knee joints, and θ3 represents the rotation angle of the lower arm of the second
joint. The hip and knee joints are considered active degrees of freedom, and the rotation
of the lower arm of the second joint is a coupled motion with the knee joint, serving as a
passive degree of freedom. Since the foot tip remains vertically downward, θ2 = φ. In the
Y3CX3 plane, φ + θ3 = π/2, hence θ2 + θ3 = π/2. Additionally, for a better analysis of the
relationship between the foot tip F and θ1 and θ2, and also considering minimal practical
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rotational angle errors of the steering engine, coordinate system C is slightly offset to the
right. The final single leg D-H coordinate system parameters are shown in Table 1.
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Table 1. Parameters in the D-H coordinate system.

i θi ai−1 αi−1 di

1 θ1 0 π
2 0

2 θ2 L1 0 0
3 θ3 = π

2 − θ2 L2 0 0
4 0 L3 0 0

The forward kinematics solution establishes a transformation matrix based on the base
coordinate system by combining various parameters of the legs, and uses the transformation
matrix to solve the position of the robot’s foot coordinate system relative to the base
coordinate system O to obtain:

Ti−1
i =


cos θi − sin θi 0 ai−1

sin θi cos αi−1 cos θi cos αi−1 − sin αi−1 − sin αi−1di
sin θi sin αi−1 cos θi sin αi−1 cos αi−1 cos αi−1di

0 0 0 1

 (1)

Matrix Ti−1
i is the homogeneous transformation matrix from coordinate system i to

coordinate system i − 1; the transformation matrix of the i coordinate system relative to the
base coordinate system is:

T0
i = T0

1 T1
2 · · · T(i−1)

i (2)

The data brought into Table 1 shows:

T0
4 = T0

1 T1
2 T2

3 T3
4 =


cos θ1(L1 + L3 cos(θ2 + θ3) + L2 cos θ2)

R sin θ1(L1 + L3 cos(θ2 + θ3) + L2 cos θ2)
L3 sin(θ2 + θ3) + L2 sin θ2

0 0 0 1

 (3)

The R is a 3 × 3 matrix of the three-footed pose is usually considered as a particle in
the model, so it is not discussed. Note that, θ2 + θ3 = π/2. When the angles of each joint of
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the robot are known, the position of the foot endpoint F in the base coordinate system O
can be obtained through a transformation formula as follows:xF

yF
zF

 =

cos θ1(L1 + L2 cos θ2)
sin θ1(L1 + L2 cos θ2)

L3 + L2 sin θ2

 (4)

The analysis process of inverse kinematics of robots is opposite to forward kinemat-
ics, which involves calculating the rotation angles of each joint with known robot foot
coordinates. From Equation (4), it can be concluded that{

θ1 = arctan(yF/xF)

θ2 = arcsin( zF−L3
L2

)
(5)

By utilizing various parameters in kinematics, the motion of a single leg can be
analyzed to verify the rationality of the mechanism. Firstly, based on forward kinematics,
the position of foot endpoint F at any time and the workspace that the foot can reach within
the rotation range of each joint can be determined. Due to structural design limitations,
the rotation angle of each joint will be constrained. Figure 7 shows the workspace range
achieved after adding the joint rotation range. It can be seen that the up and down swinging
motion space is relatively large, which can meet the deployment and closure requirements
of the extension mechanism. And, inverse kinematics calculates the motion variables of
each joint of the robot through the position of the foot end F. Figure 8 shows the motion
variables of each joint obtained by using Matlab analysis [23] and using a parameterized
expression to raise point F forward by 12 mm. From Figure 8, it can be seen that the angular
velocity and angular acceleration curves of each joint are basically smooth when the F
point is off the ground and touches the ground, except for some effects when changing
the direction. The peak impact value is not significant and can be adjusted by the motor.
Therefore, the entire motion process of the robot is stable, in accordance with the laws of
kinematics. Therefore, after simulation verification, the design of the linkage mechanism,
degree of freedom distribution, and joint activity angle of the robot’s legs are reasonable,
meeting the subsequent needs of the robot to use the CPG model for gait walking. To
meet the subsequent requirements of the robot, here refers to the synergistic design of the
four-bar mechanism and extension mechanism. The aim is to enable the robot to achieve
its structural objectives while accomplishing walking tasks and laying the foundation for
potential diverse future needs. Specifically, the term “robot requirements” is preliminarily
defined as the robot functioning as a viable platform with adequate stability and mobility
during normal walking.
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4. Generation of CPG Tripod Gait Signal
4.1. Establishment of CPG Unit Model

The stable and fast motion of robots requires accurate control signals, and the Central
Pattern Generator is a neural network that generates rhythmic motion and can output peri-
odic oscillation signals as signals for each joint of the robot. Therefore, an oscillator model
with few parameters, stable control, and easy implementation is required. Hopf oscillators
belong to harmonic oscillators with fewer parameters and clear physical meanings. Each pa-
rameter individually affects the performance of the oscillator, and the amplitude, frequency,
and phase of the output signal are easy to control [24]. The mathematical expression for a
Hopf oscillator is { .

x = α
(
µ − x2 − y2)x − ωy

.
y = α

(
µ − x2 − y2)y + ωx

(6)

Among them, x and y are the state variables of the oscillator, which are the self-excited
oscillation function of time t, that is, the output of the oscillator. α is the convergence
rate coefficient used to control the convergence rate of the limit cycle, which is a normal
number, and the larger the limit cycle, the faster it converges; µ is the square of the oscillator
amplitude; and ω is the oscillation frequency of the oscillator. When there are no special
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circumstances, it is generally selected α = 100, µ = 1, ω = π. After running through Matlab,
you can visually see the limit cycle of the Hopf oscillator, as shown in Figure 9.
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Figure 9. Limit cycle of Hopf oscillator.

From Figure 9, it can be seen that regardless of the initial value, excluding unstable
fixed points (0,0), the trajectory line in the Hopf oscillator model tends to a limit cycle with
a radius of 1. This indicates that the Hopf oscillator has good stability at any initial output
value. Figure 10 shows the oscillator output curve when x = 0.5 and y = 0.

From Figure 10, it can be seen that Hopf can generate stable periodic oscillation signals.
The rising segment of the output waveform represents the curve of the swinging leg of the
robot during walking, while the falling segment represents the curve of the leg support
phase during walking, and the rising and falling segments have the same time. In the gait,
the movement of the hip and knee joints requires periodicity to ensure the naturalness and
balance of the gait. Therefore, x and y can be used as output signals to control the hip and
knee joints of the lunar exploration hexapod robot.
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4.2. Generation of Single Leg Signals

Due to the use of a four-bar mechanism instead of the ankle joint and the addition
of an extension mechanism, only the control signal of the knee joint [25] is required, and
after simplifying the function the closure coefficient b1 and b2 are added, resulting in the
following expression: 

θ1 = k0x

θ2 =

{
k1y + b1(y ≥ 0)
k2y + b2(y < 0)

(7)
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where: k0 is the mapping coefficient of the hip joint; k1 and k2 are the mapping coefficients of
the knee joint; while b1 and b2 are the closure coefficients of the extension mechanism when
controlling the mechanical leg to contact the ground. As shown in Figure 10, the signal of
the y-curve will appear positive and negative. When the leg is in the support phase, the
knee joint needs to remain stationary, so only the positive part is taken. Combined with
the mechanical structure parameters of the lunar exploration hexapod robot in this article,
k0 = 0.4, k1 = 0.3, and k2 = 0 are taken. When walking on the lunar pothole surface, if the
extension mechanism of the robot is deployed when it lands, the walking will be more
stable. At this time, b1 = 0, b2 = 0, and the signal is shown in Figure 11a. When walking on
a flat section of the lunar surface, the deployment of the extension mechanism is no longer
necessary, and the steering gear can have an initial angle of b1 = 0.05 and b2 = 0. As shown
in Figure 11b, when the 0.19–0.41 s robot is in the support phase, the knee joint will have
an initial angle, which will not push the U-shaped carriage. Therefore, the angle range of
the knee joint can be adjusted by controlling the size of k1 and b1, thereby controlling the
expansion and closure of the mechanical toe extension mechanism. The analysis of both
cases is the same, and this article selects b1 = 0 and b2 = 0 for analysis.
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4.3. Three-Legged Gait Signal Generation

The single leg signal has already been generated in the previous section, and the
oscillators of the robot’s single leg need to be coupled with each other to continuously
output the signal in order for the lunar exploration hexapod robot to adopt a three-legged
gait. This article adopts a ring coupled network topology as the signal output [26], and its
mathematical model is{ .

xi = α
(
µ − xi

2 − yi
2)xi − ωyi.

yi = α
(
µ − xi

2 − yi
2)yi + ωxi + λ

(
yj cos θji − xj sin θji

) (8)

λ is the coupling strength parameter between the two oscillators, and this article takes
λ = 0.6; xi and yi are state variables for each leg, θji is the phase difference between the
oscillators i and j, i = j = 6, θji = θi − θj. In the tripod gait, the legs of the robot are divided
into two groups: 1, 3, 5, and 2, 4, 6. The phase difference between the two groups is 180◦,
and the phase between the same group is consistent. The circular coupling network is
shown in Figure 12. The overall modeling dimensions in Solid works include a longitudinal
length of 200 mm and a width of 150 mm for the torso, a height of 148 mm from the ground
when the extension mechanism is fully extended, and a height of 120 mm from the ground
when the extension mechanism is closed.
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When utilizing Solid Works and Simulink/Simscape for simulation to verify the
correctness of gait and substituting the parameters set earlier, the control signal for each
leg of the robot when moving straight can be obtained as shown in Figure 13.

From Figure 14, it can be seen that when the robot is traveling straight, Legs 1, 3, and
5 are in the swinging phase from 10.1 s to 10.3 s, which is the rising phase of the hip joint
signal. At this time, if the knee joint rotation angle is greater than 0, it is in the lifting
posture, while Legs 2, 4, and 6 are in the supporting phase, which is the falling phase of
the hip joint signal. If the knee joint rotation angle is 0, it is in the contact posture with
the ground, and the support points of the three legs are triangular. From the schematic
diagram 15 of the robot’s straight travel, it can be seen that during straight travel, Legs 1
and 3 swing in the same direction, while Leg 5 is opposite to both. This can be reflected in
the fact that when Legs 1 and 3 rotate clockwise, Leg 5 rotates counterclockwise, forming
periodic motion in conjunction with Legs 2, 4, and 6.
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Figure 14. Straight line diagram.

Figure 15 shows the displacement curves of the robot’s center of mass in the x, y, and z
directions. The directions of y and x are consistent with Figure 14; y is the forward direction
of the robot, x is the right offset direction of the robot, z is perpendicular to the ground and
is in the opposite direction of the force of gravity on the robot. From Figure 15, it can be
seen that the robot walked 0.32 m in 12 s when traveling straight, and its centroid had a
maximum amplitude in z-direction of 2.1 × 10−4 m, and a maximum offset in x-direction
of 3.1 × 10−3 m, with very small fluctuation amplitude and offset. From Figure 16, it can
be seen that the speed of the robot experiences positive and negative fluctuations in the
coupling of its six legs in the first 9 s. After 9 s, the speed is very smooth and the average
speed is stable. The acceleration of the robot also increases instantly at the beginning, but
the fluctuations are very small after 9 s. The simulation of the gait shows that the lunar
exploration hexapod robot adopts a reasonable gait design. When walking straight ahead,
the robot’s motion is very smooth and maintainable.
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5. Prototype Experiment of a Lunar Exploration Hexapod Robot

The test site is located in the Lunar Test Module at Southeast University, where the
simulated lunar soil is CAS-1 developed and produced by the Chinese Academy of Sciences.
Walking experiments were conducted inside the test module with prototypes of both the
lunar exploration hexapod robot and the traditional hexapod robot. The goal was to validate
whether the lunar exploration hexapod robot prototype could walk smoothly on lunar
soil under the three-legged gait signals generated by the CPG output, and to specifically
demonstrate its advantages compared to traditional robots. The main parameters of the
lunar exploration robot and the traditional robot are presented in Table 2.

5.1. Motion of Traditional Hexapod Robots

The physical illustration of the traditional hexapod robot is depicted in Figure 17,
featuring a total of 18 degrees of freedom with three active degrees of freedom for each
leg. The elliptical layout of the legs, construction materials, servos, and input signals for
the traditional hexapod robot are consistent with those of the lunar exploration robot. The
walking scenario is illustrated in Figure 18, where the leg landing points form a triangular
support, and the movement of the two leg groups exhibits periodicity. According to
actual measurements, the prototype walked approximately 150 mm in 12 s. However, the
traditional robot encounters a situation of stationary stepping due to insufficient support
force caused by the foot sinking into the lunar soil.

Table 2. Robot structural parameters.

Parameters Lunar Exploration Robot Traditional Robot

Length 200 mm 200 mm

Width 150 mm 150 mm

Weight 1.42 kg 1.84 kg

Maximum height 140 mm 160 mm

Minimum height 120 mm 125 mm

Body material Nylon Nylon

Servo torque 0.43 N·m 0.43 N·m
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5.2. Movement of the Lunar Hexapod Robot

Figure 19 is a top view of the walking process of the prototype in a three-legged gait,
with a white knot as the target. The legs are divided into two groups: 1, 3, 5, and 2, 4, and
6. The red numbers represent the legs when in the supporting phase, the yellow numbers
represent the swinging phase, and the red arrows represent the direction of motion. From
Figure 19, it can be seen that when Legs 1, 3, and 5 are lifted, the landing points of Legs
2, 4, and 6 are triangular in shape to provide stable support, and the movements of the
two groups of legs are periodic. Figure 20 is a side view of the robot walking. It can be
seen that the circular foot ends of the prototype are basically covered by lunar soil during
walking. At this time, the extension mechanism is extended and supported on the lunar soil
to prevent further foot sinking. This reduces the resistance of the foot during the next lift,
making the walking of the prototype more stable, and avoiding overturning and deviation
from the target point. Figure 21 shows the walking trajectory of the prototype. According
to actual measurements, the prototype walked a distance of approximately 230 mm within
12 s. In the 230 mm straight walk, the prototype shifted to the left by approximately 32 mm.
Compared with the simulation results, due to the soft and bumpy lunar soil of the lunar
module, insufficient accuracy of the servo and installation errors, the robot’s footprint is
not in a vertical line but a diagonal line, and still within the error range.
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Figure 21. Walking footprint map.

Comparative experimental results indicate that the lunar exploration hexapod robot
designed in this study, during the experiment with the three-legged gait generated by the
CPG model output, exhibits smoother motion compared to traditional hexapod robots. The
lunar exploration robot can maintain a speed of 19.6 mm/s, demonstrating coordinated gait,
reasonable structure, and the ability to meet pre-designed motion requirements. Moreover,
it successfully avoids issues such as foot sinking leading to instability, tipping, or remaining
stationary on the lunar surface (see Video S3).

6. Conclusions

Inspired by insects and incorporating characteristics of the traditional 18 degree of
freedom hexapod robots, a lunar exploration hexapod robot with umbrella-shaped feet is
developed. The robot, designed for the lunar environment, simplifies its structure through
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a four-bar linkage mechanism, reducing the number of joints and simplifying the control
system. This reduction in complexity enhances the robot’s reliability and controllability,
particularly in the soft lunar soil conditions. An extension mechanism is added to the
foot, refining the mapping function control for precise closure during single-leg movement.
When unfolded, the foot takes on an umbrella shape, providing a larger support area that
evenly distributes the robot’s weight, minimizing pressure on the lunar soil and reducing
the risk of sinking. This enhances the robot’s stability on the lunar surface. The entire
robot is modeled in Solid Works, utilizing the Hopf oscillator model and precise control
of the extension mechanism through mapping functions. Joint simulations are performed
in Matlab, establishing a CPG control model for the robot, generating stable and smooth
phase-locked signals for straight-walking simulation analysis using a tripod gait control.
Finally, comparative experiments on the prototype’s walking are conducted, indicating
that the lunar exploration hexapod robot has a rational structure, exhibits superior walking
performance compared to traditional hexapod robots, and achieves the predefined motion
requirements with smooth and stable motion. It can serve as a stable and smooth walking
platform, equipped with sensors and other measuring equipment to meet the measurement
requirements in various lunar environments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/act13020079/s1, Video S1: single leg exercise video, Video S2: traditional robot walking video,
Video S3: video of the lunar exploration hexapod robot walking.
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